Abstract
devices like ITER and DEMO. For recent review articles on ELMs we refer to [1, 2] .
37
In recent years, measurements performed with electron cyclotron emission imaging 38 (ECEI) have provided insights on the dynamics of this instability prior to and during 39 an ELM crash. ECEI measurements in the KSTAR tokamak [3] show that the ELM evolu- the ELM crash occurs. These measurements are in agreement with AUG ECEI measure-ments [4, 5] . In AUG, the rotation of the ELM precursors is also found in the electron 48 diamagnetic direction but the first-expelled ELM filament is observed to reverse rotation 49 and to propagate in the ion diamagnetic direction. In a third device, NSTX, gas puffing 50 imaging is used to characterise the precursors rotation and the filament expulsion of an ELM
51
[6]. In this last device the precursors are also observed rotating in the electron diamagnetic 52 direction and at the crash, the filament slow down and also reverses rotation direction 53 (propagating in the ion diamagnetic direction). In TCV with magnetic measurements [7] 54 and in MAST using beam emission spectroscopy [8] to analyse the nonlinear saturation of the instability and to characterise the mechanism that 72 allows to explain the reversal of the filaments rotation at the ELM crash.
73

II. THE LINEAR BALLOONING MODE ROTATION
74
The reduced MHD equations over the magnetic flux Ψ, the electric potential Φ and 
80
for a ballooning mode l = 0. Also, for simplification, we consider the reference frame rotating
81
with the E × B velocity, hence in this reference frame V E×B = 0 ( Φ n=0 = 0). We will add 82 the E × B velocity contribution at the end of the linear calculation.
83
Using these hypothesis the following dispersion relation, in dimensionless form, is found
with
with θ the poloidal direction, k θ the poloidal wavenumber, ω * i/e the diamagnetic frequencies At high resistivity (η → ∞) and strong magnetic shear (s >> 1) Eq. (2) simplifies to
93
Considering the diamagnetic frequencies: [16]. The most unstable root is always the real, the value of ω is pure imaginary because 100 ω = iγ, hence at this limit the unstable mode does not rotate in the considered reference 101 frame.
102
Also at the ideal limit, η → 0, and small magnetic shear (s ≈ 1) the dispersion relation 
105
Two distinct roots exist
107
The system is unstable if: |ω * i /2| < |γ I |. And the ideal rotation frequency of the mode is: 19, 20] . In this case the unstable mode rotates at half of the diamagnetic frequency 109 in the ion diamagnetic direction in the considered reference frame.
110
Moreover the roots of the general dispersion relation, Eq. (2), can be computed numer-
111
ically. We find that in realistic cases, i.e., at low resistivity (η < 10 root is close to the ideal case Eq. (6). In Fig. 1 [21]. Also the pitch angle is considered to be small (B is mainly in the toroidal direction).
123
For these two reasons, in the pedestal region, the poloidal E × B velocity V E×B can be 124 approximated by
126
Finally the poloidal rotation of the ballooning modes in the laboratory reference frame for the resistive and ideal limits writes
Resistive:
Ideal:
with the poloidal ion diamagnetic velocity
. In dimensionless units
127
(non-dimensionalised by the Alfvén speed) this velocity becomes
129
Also the poloidal dimensionless E × B velocity at the pedestal, where the radial electric 130 field is mostly induced by the radial pressure gradient, can be approximated by
132
The radial gradient of the pressure is negative. Therefore, by convention, we have chosen the and T e ped = T i ped = 1.8 keV .
143
The magnetic flux perturbation is presented in Fig. 2 . Without diamagnetic effects, 
149
We perform several computations varying the diamagnetic parameter, the resistivity and close to the ideal formula Eq. (9) (thick black curve in Fig. 3) . We observe that the ballooning 156 mode velocity is always dominated by the E × B velocity, this mode always rotates in the reference frame.
In the present calculations we have not imposed a source of toroidal rotation. The par-165 allel velocity comes from the Bohm boundary conditions that are imposed at the divertor. 
III. NONLINEAR DYNAMICS OF ELM FILAMENTS
173
Experimentally the rotation of the modes is observed to decrease just before the ELM from the density ρ equation we can show that the density dynamic is governed by the E × B 188 velocity term, show later, the diamagnetic effects have a non-negligible influence on the E × B vorticity.
196
The profiles of the axisymmetric component of the E × B velocity are plotted on 
201
This can explain why experimentally the ELM precursors decelerate approaching the crash.
202
The shear increases further and the E × B velocity becomes negative. This effect makes 203 the high density filament to cut from the main plasma, the filament is expelled. V E×B profile, the profile was close to zero in the cited reference.
207
The different terms of the E × B vorticity w E equation, implemented in the JOREK for n = 0). In weak form the vorticity equation yields
with u * a test function, φ the toroidal direction, µ the dynamic viscosity andρ = R 2 ρ. more details we refer to [12, 22, 23, 25] .
212
In Fig. 7 Vortcity Eq. terms n = 0 Near the ELM crash we find a strong nonlinear generation of axisymmetric E ×B velocity 228 shear. This shear makes the density filaments to be expelled outside the main plasma. Also 229 the filaments rotation is opposite to the ELM precursors rotation, i.e., in the ion diamagnetic 230 direction, as observed experimentally. The Maxwell stress and diamagnetic terms govern 231 the vorticity generation at the nonlinear phase.
232
The ELM crash is a strong nonlinear event (see e.g. [28] ). In this letter we focus on 233 the early stages of the ELM crash. We observe that the strong E × B shear plays an 234 important role in the ELM filament detachment. Another important transport channel is 235 parallel conduction [29] . Reconnection [30] is also observed at the early stages of the ELM 236 crash and certainly plays an important role on the density and energy transport towards the 237 plasma-facing components, in particular towards the tokamak divertor.
238
As a perspective for this work we can mention the study of the toroidal velocity profile.
239
In this work we have not imposed a toroidal velocity source but it would certainly be an im- 
